Abbreviated water-quality units used in this report: Chemical concentrations are given in metric units. Chemical concentration is given in milligrams per liter (mg/L) or micrograms per liter (|ig/L). Milligrams and micrograms per liter are units expressing the concentration of chemical constituents in solution as weight (milligrams or micrograms) of solute per unit volume (liter) of water. For concentrations less than 7,000 mg/L, the numerical value of milligrams per liter is the same as for concentrations in parts per million. The numerical value of micrograms per liter is the same as for concentrations in parts per billion.
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of aquifer thickness [(ft /d)/ft ]ft. In this report, the mathematically reduced form, foot squared per day (ft/d), is used for convenience.
Simulation of Ground-Water Flow in the Silurian-Devonian Aquifer, Cedar Falls, Iowa
By Michael J. Turco
Abstract
The Silurian-Devonian bedrock aquifer in the Cedar Falls, Iowa, area provides large quantities of good quality ground water for municipal water suppliers as well as private residential users. The highly transmissive nature of the SilurianDevonian aquifer material, due to fractures and karst features in the area and areas of thin, overlying Quaternary deposits, results in a groundwater supply vulnerable to contamination. To address these concerns, the U.S. Geological Survey, in cooperation with Cedar Falls Utilities, conducted a study from 1998 to 2001 to evaluate the hydrogeology and simulate the ground-water flow in the Silurian-Devonian bedrock aquifer in the Cedar Falls area.
A steady-state, ground-water flow model was constructed for a 200-square-mile area including Black Hawk County and small portions of Benton, Bremer, Buchanan, Butler, Grundy, and Tama Counties in northeast Iowa. The Silurian-Devonian aquifer was modeled using ground-water and surface-water data collected from April 1998 to February 1999 to help conceptualize the ground-water flow system. A potentiometric surface map constructed using the mean water-level from April 1998 to February 1999 shows predominant ground-water flow is toward the Cedar River. The modeled area was discretized into a 220-row by 180-column grid with cells measuring 500 feet by 500 feet, including the cities of Cedar Falls, Waterloo, and Evansdale. Three model layers were used to simulate flow in the surficial Quaternary aquifers, the Devonian-age rock, and the Silurian-age rock.
The shape of the simulated potentiometric surfaces and the direction and magnitude of the simulated ground-water flow is similar to the potentiometric surface and flow directions interpreted from the mean measured water levels. The simulated ground-water flow is predominantly toward the Cedar River. The primary sources of inflow to the Quaternary and Silurian-Devonian aquifers are recharge from precipitation and leakage from the Cedar River. The primary sources of outflow from the flow system are municipal ground-water withdrawals (pumpage) and leakage to the Cedar River and its tributaries. With the exception of the main pumping centers, where increased withdrawals may cause localized mixing, there is little evidence of mixing between the Devonian-age and Silurian-age rock units.
INTRODUCTION
The Silurian-Devonian aquifer in the Cedar Falls, Iowa, area provides large quantities of good quality ground water for municipal water suppliers as well as private residential users. Ground-water yields at individual wells can be more than 2,000 gal/min. However, the highly transmissive nature of this bedrock aquifer material due to the high density of fractures and karst features in the area, and areas of thin overlying unconsolidated deposits (20 to 100 ft) result in a ground-water supply vulnerable to contamination. Both historical and current land uses result in the potential for contamination of the aquifer. A longterm trend toward larger nitrate concentrations (Schaap, 1999) and an increased number of detections of trace organic compounds have been reported for specific municipal water-supply wells (Paul Mallinger, Cedar Falls Utilities, written commun., 1997).
To address these concerns, the U.S. Geological Survey (USGS), in cooperation with Cedar Falls Utilities, conducted a study from April 1998 to September 2001 to evaluate the hydrogeology of the Silurian-Devonian aquifer in the Cedar Falls area. The objectives of the study were to (1) evaluate the hydrogeology and (2) simulate the ground-water flow in the Silurian-Devonian aquifer under current (1998) pumping conditions. The purpose of this report is to describe the results of the study. Hydrogeologic and water-quality data used in this report were collected from April 1998 to February 1999.
The results of the study can be used by Cedar Falls Utilities (CPU) to establish a wellhead protection program and manage the development of the groundwater resource. The establishment of a wellhead protection program can educate people living and working in areas contributing recharge to wells about practices that prevent ground-water contamination and encourage the protection of the water supply for future generations. This study advances the understanding of ground-water flow to pumping wells in a fractured carbonate aquifer, and results of the study can be used by other water managers and planners using water supplies from similar hydrogeologic systems.
Description of Study Area f\
The study area covers approximately 200 mi in northeast Iowa and includes Black Hawk County and small portions of Benton, Bremer, Buchanan, Butler, Grundy, and Tama Counties ( fig. 1 ). The topography of the alluvial valley along the Cedar River in the study area is relatively flat. Uplands consisting of preIllinoian glacial deposits extend to the northeast and southwest. Land use in the study area is predominantly agricultural, including large areas of cropland and small livestock or poultry farms. Total average annual precipitation at Waterloo, 1961-90, just southeast of Cedar Falls, was 33.70 inches. During the same time interval, average monthly precipitation ranged from 0.80 inch during January to 4.88 inches during July, and average monthly temperature ranged from 14.6°F in January to 73.9°F in July (National Oceanic and Atmospheric Administration, 1998).
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METHODS OF INVESTIGATION
Ground-water and surface-water data were collected during the study to help define the hydrogeology of the Silurian-Devonian aquifer and to assist in constructing a ground-water flow model. Data were collected at 63 ground-water sites (observation, municipal-supply, industrial-supply, and residentialsupply wells) and one surface-water site ( fig. 2 ). Previously conducted aquifer tests, completed at the time of well construction by the well driller or owner, were evaluated to determine aquifer hydraulic properties. Wells used for this study were selected on the basis of their location and primary aquifer, with an emphasis on spatial distribution throughout the study area of wells open to the Silurian-Devonian aquifer.
Ground-water flow in the study area was simulated using the USGS-developed MODFLOW model (McDonald and Harbaugh, 1988) . MODFLOW model parameters were input using the Department of Defense Groundwater Modeling System (GMS) (Brigham Young University, 1998) preprocessor. The model was used to obtain a better understanding of the ground-water flow patterns of the Silurian-Devonian aquifer in the study area and provide a quantitative estimate of the water budget in the study area.
Surface-Water Measurements
Streamflow and stage data were collected periodically from 1998 to 1999 as part of the USGS Streamflow network in Iowa (May and others, 1998; Nalley and others, 1999) . Discharge and stage data were used to calibrate the ground-water flow model and estimate the stage of the rivers used in the model. Discharge and stage measurements on the Cedar River were made at Waterloo, Iowa ( fig. 3) , southeast of Cedar Falls, and on Beaver Creek were made at New Hartford, Iowa, west of the study area. Figure 2 . Extent of digital model, location of data-collection sites, and potentiometric surface constructed from mean measured water levels for the Silurian-Devonian aquifer, April 1998 to February 1999.
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Ground-Water-Level Measurements
Ground-water levels (table 1) were measured bimonthly from April 1998 to February 1999 with a calibrated steel tape or an airline. Ground-water levels were recorded to the nearest 0.01 ft when using a steel tape and to the nearest 1 ft when using an airline. Ground-water levels were used to evaluate seasonal variations in horizontal and vertical components of flow directions, to help conceptualize the groundwater flow system, and to aid in the calibration of the ground-water flow model.
Well Construction and Nomenclature
Ground-water-level data were collected at wells constructed by private drillers prior to this study. Wells completed in the Silurian-Devonian aquifer were constructed with open holes in the bedrock. All wells used in this study had casing material consisting of polyvinylchloride (PVC) or steel.
All wells were surveyed with a global positioning system (GPS) to determine their latitude and longitude. Differentially corrected GPS was used to establish an altitude for each well's measuring point so that all water levels could be converted to a common datum (sea level). Wells used in this study are designated by a unique 15-digit station-identification number that was assigned in the USGS Ground-Water Site Information database.
Aquifer Properties
Specific-capacity data for wells with previous aquifer-test data were evaluated to estimate hydraulic conductivity of the geologic material adjacent to the open interval of the well. In this report, hydraulic conductivity refers to horizontal hydraulic conductivity unless specifically referred to as vertical hydraulic conductivity. The hydraulic conductivity was calculated using a modified Theis equation for estimating transmissivity from specific-capacity data, and the available thickness of the aquifer adjacent to the well (Theis and others, 1963) .
HYDROGEOLOGY
Hydrogeologic information relevant to the study of the ground-water flow system and description of the conceptual ground-water flow model is presented in the following section. The geology of the bedrock units in the study area is discussed in more detail in reports by Anderson (1983) , Horick (1984) , Hansen (1975 ), Olcott (1992 , and Witzke (1988) . Geologic units within the study area and their water-bearing characteristics are summarized in table 2. Model  layer  2  2  2  2  2  2  2  2  2  2  2  2  2  2  3  2  2  3  2  2  2  2  2  2  2  2  2  2  2  2  2 Model  layer  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  3  3  2  3  2  2  2  2  2  2  2  2  2 'Depth unknown, but estimated on the basis of similar nearby wells. (Horick, 1984) .
Dolomite with some limestone and chert.
Shale and dolomite.
Layer 2 Layer 3 Basal (no-flow) boundary
1 Modified from Horick (1984) and Olcott (1992) . 2Age classifications of rocks are those of the Iowa Department of Natural Resources, Geological Survey Bureau.
Geology and Water-Bearing Characteristics
The Quaternary-age deposits comprise a surficial aquifer system that ranges in thickness from about 20 ft to 250 ft in the study area (Iowa Geological Survey Bureau, 1999) . Quaternary-age deposits include alluvial, glacial-drift, and buried-channel materials with variable permeabilities both vertically and horizontally. The glacial deposits in Iowa are rich in clay, which may indicate a lower permeability in some locations (Olcott, 1992) . The "sand" and "coarse-sand" alluvial units described in the descriptive well logs for CPU water-supply wells (Paul Mallinger, Cedar Falls Utilities, written commun., 1997) may provide only limited protection against contaminants in surface water and shallow ground water from leaching to the underlying bedrock units (Hallberg and others, 1996) .
The uppermost bedrock consists of rocks of Devonian age (table 2). The Devonian-age rocks unconformably overlie Silurian-age rocks and consist primarily of limestone, dolomite, and shale but locally include minor amounts of sandstone (Witzke and others, 1988) . In the study area, the thickness of the Devonian-age rocks varies from about 10 ft in the northeast to about 200 ft to the southwest. This rock unit has a significant occurrence of fractures. Fractures allow ground-water flow along discrete paths, resulting in increasing solution activity along the fractures (Knochenmus and Robinson, 1996) . Fracturing and dissolution of aquifer material is known as secondary permeability. The relative amount of secondary permeability appears to be greatest nearest the Cedar River. The primary orientation of the fractures is assumed to coincide with the orientation of the Cedar River, which may flow along this regional fracture pattern. Video well logs (Paul Mallinger, Cedar Falls Utilities, written commun., 1998) show a high density and occurrence of fractures in the Devonianage rocks, some of them large, in CPU municipalsupply wells. The transmissivity in the Devonian-age rock, calculated using available specific capacity data, decreases as distance from the Cedar River increases. Most production wells in the study area are completed in the highly fractured rocks of Devonian age because large amounts of good quality water have been available historically.
The Silurian-age rocks consist primarily of dolomite, with some limestone and minor amounts of chert (table 2) (Iowa Geological Survey Bureau, 1999) . The elevation of the contact between the Silurian-age rocks and Devonian-age rocks was estimated by using descriptive well logs from the Iowa Geological Survey Bureau (1999) . Altitudes derived from these logs were used to estimate the uppermost occurrence of Silurian-age rock in the study area. The thickness of the Silurian-age rocks varies from about 10 to 300 ft. Silurian-age rocks are assumed to be fractured to a lesser degree than Devonian-age rocks because they are not the uppermost bedrock unit. In instances where the Silurian-age portion of the Silurian-Devonian aquifer is the uppermost bedrock unit, such as in the Cedar River Valley south of the study area, the estimated amount of secondary permeability is comparable to the fractured Devonian rock in this study area.
The rocks of Devonian and Silurian age commonly are considered to be one hydrogeologic unit because they are often in hydraulic connection. Silurian-age rocks are usually the primary source of water to wells completed in this aquifer system throughout its main use area in Iowa, so the unit became locally known as the Silurian-Devonian aquifer (Horick, 1984) . The Silurian-Devonian aquifer is absent in extreme northeastern Iowa and is more than 700 ft thick in southwestern Iowa (Horick, 1984) . The thickness of the Silurian-Devonian aquifer, in the study area, is estimated to be about 20 to 500 ft.
Transmissivity of the Silurian-Devonian aquifer is highly variable, depending on the degree of interconnection between the fractures and bedding planes (Schaap, 1999) . Transmissivity in the study area reaches a maximum of about 360,000 ft2/d in areas where the Silurian-Devonian aquifer underlies Quaternary deposits of the Cedar River alluvium. Transmisf\ sivity may be about 1,200 ft/d where the aquifer is confined (Olcott, 1992) by Mississippian-age rock units outside the study area.
Rocks of Ordovician age underlie the SilurianDevonian aquifer. The uppermost Ordovician-age rocks consist of shale, dolomite, and limestone (Olcott, 1992) . The uppermost occurrence of Ordovician-age rocks was estimated using descriptive well logs from the Iowa Geological Survey Bureau (1999). Due to the lithology of this rock unit, it is considered to be a regional confining unit, restricting vertical ground-water flow into or from the Silurian-Devonian aquifer in the study area.
Surface Water
The Cedar River is the major surface-water feature in the study area. The river has its headwaters in southern Minnesota and flows southeasterly to its confluence with the Mississippi River in southeast Iowa. The fall, or change in stage, from Janesville, Iowa, to Waterloo, Iowa, is about 60 ft. Large variations in river stage are reflected in the water level of Wells near the river ( fig. 3) . A potentiometric surface map by Horick (1984) shows that the Cedar River, in general, receives ground-water discharge from the Silurian-Devonian aquifer throughout most of the study area. However, the Cedar River is a slightly losing reach north of Cedar Falls, from just south of Janesville, Iowa, to just north of Cedar Falls, Iowa (Mark Savoca, U.S. Geological Survey, written commun., 2001). Base flow at Waterloo, Iowa, from April 1998 to February 1999 was estimated to be between 600 ft3/s and 1,100 ft3/s by hydrograph separation.
Ground Water
Rocks of Devonian and, to a lesser extent, Silurian age contain numerous fractures which provide openings for ground-water movement and storage. Hydraulic conductivity describes the ability of geologic materials to transmit water and depends upon the size, orientation, density, and the degree of connection of fractures and pores. Driscoll (1986) and Freeze and Cherry (1979) provide a general range of hydraulic conductivities for various lithologies (table 3) . Horick (1984) estimated the transmissivity for the Silurian and Devonian rocks to range from 200 ft2/d to 361,000 ft2/d statewide. Assuming a uniform thickness of 300 ft, hydraulic conductivities in the Silurian-and Devonian-age rocks range from about 1 ft/d to 1,200 ft/d statewide. Transmissivity values for this study were estimated using specificcapacity data available for each of the network wells used in this study. Estimated transmissivities throughout the Silurian-Devonian aquifer in the study area vary over several orders of magnitude, with larger values near the Cedar River. The probable cause for this heterogeneity is due to the spatial variability of increased secondary permeability near the Cedar River. 3.2XKT'-1,000 10-100,000 600-300,000 1,000 300-600 100-240 0.1-300 10-40
Horizontal hydraulic conductivity estimated using specific capacity data (Theis and others, 1963) and uniform thickness of the aquifer material.
There is an appreciable difference in the wateryielding characteristics between the Quaternary-age materials, Devonian-age rocks, and Silurian-age rocks. Most ground-water movement occurs in the Devonianage rocks (Horick, 1984) , and although the lithology of the Silurian-and Devonian-age rocks are similar, the hydraulic properties, due to increased occurrences of secondary permeability in the Devonian-age rocks, are significantly different. For example, one municipal supply well, open to both Devonian and Silurian-age rocks, had about an 80-percent reduction in production when the section of the well open to the Devonian-age rocks was cased, negating their contribution (Paul Mallinger, oral commun., 1999) . Due to this hydraulic difference, the Silurian-Devonian aquifer was evaluated as two separate hydrogeologic units in direct connection consisting of the Devonian-age and Silurian-age rocks.
The potentiometric surface, based on mean water-level altitudes from April 1998 to February 1999, indicates that the regional ground-water flow in the Silurian-Devonian aquifer in the study area is toward the Cedar River from northeast to southwest and then toward the southeast down the Cedar River valley ( fig. 2 ). There is some local flow to pumping centers in the Cedar Falls and Waterloo area and farther south near Evansdale. The potentiometric surface created for this report compares favorably in shape and gradient in the Cedar Falls area to a previously mapped potentiometric surface created by Horick (1984) in 1980 for the Silurian-Devonian aquifer.
Recharge to the ground-water flow system is predominantly from infiltration of precipitation. Discharge from the ground-water flow system includes, but is not limited to, flow to the Cedar River and pumping wells.
SIMULATION OF GROUND-WATER FLOW
The ground-water flow model described in this report is a simplified mathematical approximation of the complex physical system. Limited onsite observations and hydrogeologic data were used to conceptualize the ground-water flow system. However, a calibrated model can aid in understanding and quantifying the ground-water flow system. The model also can be used to estimate effects of varying stresses on ground-water levels and the recharge and discharge of ground water.
The flow model was constructed to simulate steady-state conditions. Steady-state conditions occur when the volumetric rate of water entering a system equals the volumetric rate of water flowing out of the system. Mean water levels within the study area from April 1998 to February 1999 were considered to be an acceptable estimate of steady-state conditions. Ground-water levels measured in most wells during this period had little variation. The stage of the Cedar River and Beaver Creek was simulated assuming baseflow conditions. Recharge, used to account for precipitation and evapotranspiration, was assumed to be the average daily recharge to the system.
Model Description and Boundary Conditions
The modeled area was discretized into a 220-row by 180-column grid with cells measuring 500 ft by 500 ft. The model grid covers an area of 0 _» 20.8 mi by 17.0 mi, or about 355 mi . The grid was aligned so that the Cedar River coincided with the y-axes. Three layers were used to simulate flow: layer 1 represents the Quaternary alluvial and glacial deposits, layer 2 represents the Devonian-age portion of the Silurian-Devonian aquifer, and layer 3 represents the Silurian-age portion of the Silurian-Devonian aquifer. The Silurian-Devonian aquifer was simulated using two layers because differences were observed in the well yields of the Silurian-and Devonian-age rocks, and because secondary permeability is assumed to be less of a factor in the deeper Silurian-age rocks. Cells within the model grid are identified by row, column, and layer. Ground-water flow in layer 1 was simulated as unconfined because of water-table conditions present in the surficial deposits, and groundwater flow in layer 2 and 3 was simulated as confined. A small number of cells in layer 1, associated with a thin amount of Quaternary material or a boundary, were simulated as dry, Boundary conditions were specified for the model (figs. 4, 5, and 6) to simulate flow entering or leaving along the edge of the modeled area in relation to the features within the modeled area. Recharge from precipitation to the upper surface of the flow model was represented as a nonuniform specified-flux boundary. Recharge is discussed in more detail in the following section on "Model Parameters."
No-flow boundaries were used to simulate areas where lateral ground-water flow is interpreted to be parallel with the boundary, such as along ground-water flow lines, or is considered to be insignificant, such as a contact with a nonaquifer material. The bottom of the model is the top of the Ordovician-age rocks, which form a relatively impermeable regional confining unit. Flow lines constructed from the mean water levels during the study period define the southeastern no-flow boundary for all model layers.
Lateral ground-water flow from geologic materials laterally adjacent to the modeled aquifers was simulated with general-head boundaries. General-head boundaries were used along the northeastern, northwestern, and southwestern edges of layer 1 to simulate subsurface flow from the glacial deposits near the model boundaries to the alluvium in the Cedar River Valley, and along northeastern, northwestern, and southwestern limit of layer 2 and layer 3 to simulate regional ground-water flow in the Devonian and Silurian aquifers, respectively. For all general-head boundaries, a constant-head source, estimated to be similar in magnitude to the measured potentiometric surface shown in figure 3, was specified 1 mi from the closest active cell in the model. The hydraulic conductivity of the area between the constant-head source and the active cell was assumed to be equal to the nearest active cell.
The Cedar River and Beaver Creek were simulated using river cells that allow leakage to and from layer 1. River stage is specified for each river cell. River stage was interpreted along the river reach from the USGS gaging data at Waterloo, Iowa, and New Hartford, Iowa, for the Cedar River and Beaver Creek, respectively, and the USGS Cedar Falls 7.5-minute topographic map. Riverbed elevation was assumed to be 5 ft below stage and the thickness of the riverbed material was assumed to be 1 ft throughout the model area. The riverbed conductance term is a function of the riverbed thickness, the length of the river reach, and the width of the river channel. The amount of leakage between the river cells and layer 1 is calculated using the head difference between the river cells and layer 1 and the riverbed conductance term. A vertical hydraulic conductivity of 3 ft/d was assumed for river-bed material for the Cedar River and Beaver Creek.
Model Parameters
Model parameters are numerical values assigned to individual cells in the model array and are used in the flow equations that simulate ground-water flow in the modeled area. Parameters are assigned to the center of each model cell and represent an average value for the entire cell. Uniform values of parameters can be assigned to groups of model cells to represent the spatial distribution of altitudes of the model layers, hydraulic conductivity, recharge, and ground-water pumpage. Model grid orientation and pumpage locations are shown in figures 4, 5, and 6.
Model layers were constructed using altitudes of geologic contacts interpolated from descriptive well logs recorded during well construction. Geologic contacts used in the model were the Quaternary and Devonian, the Devonian and Silurian, and the Silurian 
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and Ordovician contacts. Altitudes of each contact were interpolated by the preprocessor using the inverse distance-weighted method (IDW) to the model grid. Hydraulic conductivity in layer 1 was estimated using available aquifer-test data from private drillers or contractors or published representative hydraulic conductivities for similar geologic materials. Hydraulic conductivities used for model layers 2 and 3 account for the estimated degree of secondary permeability present. Hydraulic conductivities in layer 1, 2, and 3 range from 4 to 450 ft/d, 10 to 1,000 ft/d, and 40 to 100 ft/d, respectively (figs. 7, 8, and 9).
Vertical leakance is required by the model to control the rate of ground-water flow between layers. Vertical leakance between model layers in hydraulic contact, such as in this model, is calculated from the distance of each layer between its node and the common layer contact and the vertical hydraulic conductivity of each layer (McDonald and Harbaugh, 1988, equation 51) . Vertical hydraulic conductivities in the model were estimated to be about 10 percent of the horizontal hydraulic conductivity for layers 1 and 3. Vertical hydraulic conductivities in all layers were adjusted during the calibration process, and some cells in layer 2 have a vertical hydraulic conductivity value less than or greater than 10 percent of the horizontal hydraulic conductivity. A no-flow boundary was simulated at the bottom of layer 3; therefore, no vertical leakance was simulated.
Recharge in the Cedar Falls area was assumed to be about 10 percent less than the previously published recharge rate calculated by Schulmeyer and Schnoebelen (1998) in Cedar Rapids, Iowa, because the annual average precipitation in Waterloo, Iowa, is 33.70 inches whereas the annual average precipitation in Cedar Rapids, Iowa, is 36.39 inches (National Oceanic and Atmospheric Administration, 1998). The o recharge rate of 1.6x10 ft/d (7.1 in/yr) was assigned cells in layer 1 that represent alluvial material in the Cedar River Valley and to account for infiltration of runoff from upland areas and larger vertical hydraulic conductivity of sandy soils (Schulmeyer and Schnoebelen, 1998) . A recharge rate of 1.4xlO~3 ft/d (6.3 in/yr) was assigned to all remaining cells in layer 1. The rates of recharge specified for this model have accounted for the effects of evapotranspiration.
Types of discharge from the flow system included in the model were ground-water pumpage, river leakage, and flow across general-head boundaries. Pumpage during the study period varied depending on the season, with larger withdrawals during the spring and summer. Ground-water withdrawals were simulated using a specified negative flux located at a cell node associated with a producing well. Water users in the study area had pumpage that ranged from about 8,000 gal/d to 2.5 Mgal/d.
Model Calibration
The model calibration process used for this model minimized the differences between modelcalculated ground-water levels and measured groundwater levels by adjusting model parameters. The mean ground-water levels calculated for each network well from measured water levels during the study period were used as a basis for calibration. The mean water levels for the study period were used as the calibration target because most of the major pumpage data used in the model was averaged from the annual pumpage for 1998 calendar year, from the total monthly pumpage during the 1998 calendar year, or from the latest available pumpage data; and although there is seasonal variation of water level in the Silurian-Devonian aquifer, historical trends show little variation during the study period. Hydraulic conductivity, vertical leakance, riverbed conductance, and general-head boundary conductance were parameters that were varied, within reasonable limits, during numerous simulations until the root-mean-squared error (RMSE) (Anderson and Woessner, 1992) between the mean measured water levels for all wells inside the model boundary and simulated water levels in respective corresponding model cells was less than 5 ft. Model calibration was further refined by continuing to vary model parameters until the average head difference (AVEH) and RMSE were minimized. The AVEH is an indicator of model bias and is the sum of the differences between simulated and measured water levels divided by the total number of measurements. The RMSE (eq. 1) indicates the magnitude of error between simulated and measured values. (1) where M is the measured water level, S is the water level simulated by the model, and TV is the number of observations. The model was considered calibrated when the following criteria were achieved: 1. Parameter value changes did not result in an AVEH closer to 0 and a smaller RMSE for model layers 2 and 3. 2. The RMSE was less than 5 ft for layers 2 and 3. 3. The simulated ground-water flow directions in layers 2 and 3 compared favorably with those determined using the measured ground-water levels during the study period. 4. The simulated discharge to the Cedar River from the aquifer compared favorably with the estimated base flow. The RMSE for the calibrated model was calculated using water-level data from most wells within the model boundary. Four wells located inside the model area were not included in the calibration process because they were located extremely close to a model boundary or were affected by pumpage not included in the simulation. The RMSE of the calibrated model is 4.14 ft; the AVEH is 1.29 ft. The RMSE for the Devonian-age and Silurian-age rock is 4.11 ft and 0.51 ft, respectively. The difference between the simulated and measured water levels likely is because the model is a simplified representation of a complex ground-water flow system (table 4).
RMSE=
The simulated potentiometric surface of the Devonian and the Silurian units is similar to the mean measured potentiometric map shown in figure 2. The direction and gradient of ground-water flow is similar throughout most of the modeled area with the exception of areas near the model boundaries, in which simulated gradients are less than the measured gradients.
Simulated discharge to the Cedar River is Q 73 ft /s, which is about 10 percent of the estimated base flow. This is an adequate simulation of the connection between the Cedar River and the adjacent Quaternary aquifer because this model simulates only a small portion of the Cedar River Basin and does not simulate smaller tributary streams that contribute water to the Cedar River.
Sensitivity Analysis
The model was constructed using parameters to solve mathematical equations that simulate the ground-water flow system in the Quaternary alluvial and glacial material and the Devonian-and Silurianage bedrock in the study area. A sensitivity analysis evaluates the response of the calibrated model to variations in parameter values and determines which parameters have the greatest effect on the results. All model parameters, with the exception of the generalhead boundary and riverbed conductance, were varied using a multiplication factor of 10 to 0.1. The generalhead boundary conductance and the riverbed conductance were varied using a multiplication factor of 1,000 to 0.001, due to the relatively small effect of these parameters on the model at smaller factors (table  6) . In some instances, the application of a multiplication factor caused the model to fail to converge to a solution. Model sensitivity was measured with the RMSE (eq. 1) using the difference between simulated and measured ground-water levels in layers 2 and 3. In general, improvement in parameter measurements or data sets that have the most effect on the model will result in improvements in the model simulation.
Water levels were most sensitive to changes in horizontal hydraulic conductivity in all layers and recharge in layer 1. Moderate sensitivity was associated with river conductance and general-headboundary conductance decreases. Water levels were insensitive to vertical hydraulic conductivity in layers 1 and 2. Varying the horizontal hydraulic conductivity in layer 1 and layer 2 had the greatest effect on the proportion of total inflow and outflow from the rivers (table 5) . Increases in riverbed conductance and general-head-boundary conductance showed no significant change in the RMSE; however, decreases in the general-head-boundary conductance by 2 or more orders of magnitude resulted in a RMSE above 100 or nonconvergence of the solution.
The sensitivity of the model to the Cedar River riverbed conductance was evaluated. The conductance terms were increased and decreased by 3 orders of magnitude, and the change in flow in and out of the river and across general-head boundaries was compared to the total volumetric rate of water entering and leaving the model. In the calibrated model, Cedar River cells account for 15.70 percent of the total inflow and 41.90 percent of the total outflow. When conductance values were decreased by 3 orders of magnitude, percentage of total inflow decreased to near zero. When conductance values were increased by 3 orders of magnitude, total inflow increased to 41.72 percent ( fig. 10 ). 
Model Limitations
The ground-water flow model described in this report is a simulation of the physical ground-water system and is useful as an aid in evaluating the ground-water flow system in the study area. However, the following limitations to this model should be considered:
I. The presence of joints and fractures in the SilurianDevonian aquifer may introduce significant uncertainty into the model. The density and distribution of these features was not determined during this study. Orientations of the fractures can be inferred from the channel of the Cedar River, which is assumed to flow along these orientations. Fracture orientation was not included in the model parameters. The effect of fractures on hydraulic conductivity was assumed to decrease as distance from the Cedar River increased and is included in the model.
2. Model input parameters are assigned to the node of each model cell. The nodal value is then used by the model as representative of conditions throughout the cell. This representation of uniformity throughout the cell is a potential source of model uncertainty in that model parameters probably are not uniform throughout a cell or group of cells. While the lithology across the modeled area is basically homogeneous, the distribution of hydraulic conductivity is heterogeneous and may change significantly across a modeled cell.
3. Small well withdrawals were not included in the model. The major pumpage from municipalities in the study area account for the main stress on the system, and minor pumpage from residences and small industries is assumed to produce no significant effect on the modeled area. 4. The ground-water flow model was constructed to simulate steady-state conditions (the volumetric rate of water flowing into the system is the same as the volumetric rate of water flowing out of the system). Results of the ground-water flow model may not be valid when these conditions are not prevalent, as may be the case in the spring and early summer when Cedar River levels are the greatest and thunderstorms frequently produce large amounts of rainfall. 
Simulation Results
The model calculates a water level at each of the cell nodes and a ground-water flux across each cell face. Figure 11 shows the simulated potentiometric surface for layer 2 of the model. Model results for layer 2 indicate that ground water generally flows toward the Cedar River and slightly down the Cedar River Valley. The difference between the maximum and the minimum simulated water level in layer 2 is about 70 ft. Bends in the potentiometric surface contours coincide with the channel in the Cedar River and Beaver Creek, which indicates the effects of these streams on the ground-water flow patterns in this area. Water in the northern part of the simulated modeled area tends to flow away from the river near the model boundary, which may be caused by unaccounted for variations along the model boundary. Model results for layer 3, shown in figure 12 , indicate the effects of pumpage on the potentiometric surface of the Silurian aquifer. Municipal pumping likely has caused some decline in ground-water levels in layer 3, as evidenced by the closed 790-ft contour in the area near Evansdale, Iowa. Simulation results indicate that groundwater flow in layer 3 is toward the Cedar River and down the Cedar River Valley, much like in layer 2. The difference between the maximum and minimum simulated water levels in layer 3 is about 90 ft. The northern area of layers 2 and 3 exhibits a much shallower gradient than the southern area, which could be due to the lack of significant pumpage in those areas.
There are 43,200 data points used by the model to simulate potentiometric surfaces of the Devonian and Silurian portions of the Silurian-Devonian aquifer. The shape of the simulated potentiometric surfaces and the direction and magnitude of the simulated ground-water flow is similar to the potentiometric surface for the Silurian-Devonian aquifer and flow directions interpreted from the mean measured water levels. Simulated flow is predominantly horizontal in the Devonian-and Silurian-age rocks, so that little mixing may occur between the two units. Vertical ground-water flow is predominantly downward from the alluvium to the Devonian-age rock, probably due mainly to pumpage (table 7) . Areas with significant pumpage, such as Cedar Falls and Waterloo, may cause localized mixing of water in the Devonian-and Silurian-age rocks.
The water budget for the calibrated flow model was used to evaluate the sources of inflow and outflow for the model and to determine if model results were consistent with the simplified conceptualization of the flow system used to construct the flow model. Total inflow to the modeled area was calculated to be 15,609,000 ft3/d; total outflow from the modeled area was calculated to be 15,608,000 ft3/d, yielding a percent discrepancy of less than 0.01.
Primary sources of inflow to the model are precipitation (61.3 percent) and Cedar River leakage (15.7 percent). Infiltration of precipitation is predominantly through the overlying alluvial material.
Primary sources of outflow are pumpage (52.1 percent) and leakage to the Cedar River (40.6 percent) (table 6). River leakage is discharged from the Quaternary alluvial deposits; and municipal pumpage withdraws water from the Devonian-and Silurian-age rock units. The large volume of river leakage is consistent with the conceptualization of subsurface regional flow into the study area and infiltration of precipitation from the overlying Quaternary deposits, which then is discharged to the Cedar River and tributary streams. 
SUMMARY
The Silurian-Devonian bedrock aquifer in the Cedar Falls, Iowa, area provides large quantities of good quality ground water for municipal water suppliers as well as private residential users. The highly transmissive nature of the bedrock aquifer material, due to fractures and karst features in the area and areas of thin, overlying unconsolidated deposits, results in a ground-water supply vulnerable to contamination. To address these concerns, the U.S. Geological Survey (USGS), in cooperation with Cedar Falls Utilities, conducted a study from April 1998 to September 2001 to evaluate the hydrogeology of the Silurian-Devonian bedrock aquifer in the Cedar Falls area and simulate the ground-water flow in the Silurian-Devonian aquifer under current (1998) pumping conditions. The results of the study can be used by Cedar Falls Utilities (CPU) to establish a wellhead protection program and manage the development of the ground-water resource. The study area covers approximately 200 mi2 in northeast Iowa and includes Black Hawk County and small portions of Benton, Bremer, Buchanan, Butler, Grundy, and Tama Counties.
Ground-water and surface-water data were collected during the study to help define the hydrogeology of the Silurian-Devonian aquifer and to assist in constructing a ground-water flow model. Groundwater levels were measured bimonthly from April 1998 to February 1999 with a calibrated steel tape or an airline. Available well tests were used to estimate the hydraulic conductivity of the geologic material adjacent to the open interval of the well. Streamflow and stage data were collected periodically from 1998 to 1999 as part of the USGS streamflow network in Iowa.
The Quaternary-age deposits comprise a surficial aquifer system that ranges in thickness from about 20 ft to 250 ft and include alluvial, glacial-drift, and buried-channel materials with variable permeabilities both vertically and horizontally. The uppermost bedrock unit consists of Devonian-age rocks consisting primarily of limestone, dolomite, and shale but locally includes minor amounts of sandstone. This rock unit has a significant occurrence of fractures or secondary permeability. The relative amount of secondary permeability appears to be greatest nearest the Cedar River. The Silurian-age rocks consist primarily of dolomite with minor amounts of chert and are assumed to have less secondary permeability with respect to the Devonian-age rocks. Transmissivity of the Silurian-Devonian aquifer is highly variable, depending on the degree of interconnection between the fractures and bedding plane and the rock-age unit.
Ground-water flow in the study area was simulated using the USGS-developed MODFLOW model (McDonald and Harbaugh, 1988) to obtain a better understanding of the ground-water flow patterns of the Silurian-Devonian aquifer in the study area, to provide a quantitative estimate of the water budget in the study area.
The flow model was constructed to simulate steady-state conditions. Steady-state conditions occur when the volume of water entering a system equals the volume of water flowing out of the system. Mean water levels within the study area from April 1998 to February 1999 were considered to be an acceptable estimate of steady-state conditions.
The modeled area was discretized into a 220-row by 180-column grid with cells measuring 500 ft by 500 ft. The grid was aligned so that the Cedar River coincided with the y-axis. Three layers were used to simulate flow: layer 1 represents the Quaternary alluvial and glacial deposits, layer 2 represents the Devonian-age portion of the Silurian-Devonian aquifer, and layer 3 represents the Silurian-age portion of the Silurian-Devonian aquifer.
Natural boundaries to the model were not in close proximity to the study area to use as model boundaries. Boundary conditions were specified for the model to simulate flow along the edge of the modeled area in relation to the features within the modeled area. The upper surface of layer 1 represents unconfmed water-table conditions. Recharge from precipitation to the upper surface of the flow model was represented as a nonuniform specified-flux boundary. No-flow boundaries were used to simulate areas where lateral ground-water flow is interpreted to be parallel with the boundary, such as along groundwater flow lines, or is considered to be insignificant, such as a contact with a nonaquifer material. The bottom of the model is the top of the Ordovician-age rock, a relatively impermeable regional confining unit. Lateral ground-water flow from geologic materials adjacent to the model layers was simulated with a general-head boundary. The Cedar River and Beaver Creek were simulated using river cells that allow leakage to and from layer 1.
Model architecture and hydraulic properties were estimated using well log data from previously constructed private or municipal wells. Hydraulic conductivity in layer 1 was estimated using aquifer test data completed by private drillers or contractors during well construction or published average hydraulic conductivities for similar geologic materials. Hydraulic conductivities for all model layers are a function of the estimated degree of secondary permeability present. Vertical leakance is required by the model to control the rate of ground-water flow between layers. Recharge in the Cedar Falls area was assumed to be about 10 percent less than the recharge in Cedar Rapids, Iowa.
The calibration process used in this model minimized the differences between simulated ground-water levels and measured ground-water levels by adjusting model parameters. The mean ground-water levels calculated for each network well from measured water levels during the study interval were used as a basis for calibration. The RMSE for the calibrated model, calculated from most network wells within the model boundary, is 4.14 ft; the AVEH is 1.29 ft. A difference between the simulated and measured water levels likely is because the model is a simplified representation of a complex ground-water flow system.
Water levels were most sensitive to changes in horizontal hydraulic conductivity in all layers and recharge in layer 1. Increases in riverbed conductance and general-head-boundary conductance showed no significant change in the RMSE; however, decreases in the general-head-boundary conductance by 2 or more orders of magnitude resulted in a RMSE above 100 or inability of the model to reach a solution.
The model calculates a water level at each of the cell nodes and a ground-water flux across each cell face. Primary sources of inflow to the model are precipitation (61.3 percent) and Cedar River leakage (15.7 percent). Primary sources of outflow are pumpage (52.1 percent) and river discharge (40.6 percent). There is little evidence of mixing between the Devonian-and Silurian-age rock units with the exception of the main pumping centers, where increased withdrawals may cause localized mixing between them. 
